Colorectal cancer (CRC) is one of the most common types of malignancy with high morbidity and mortality rates worldwide. This biologically heterogeneous disease results in diverse therapeutic responses, thus, novel prognostic biomarkers are required to improve CRC treatment. Estrogen-related receptor α (ERRα) is a nuclear orphan receptor, which is associated with estrogen receptor α. The present study aimed to investigate the expression of ERRα in patients with CRC, and explore the association between ERRα expression and clinicopathological factors, local recurrence and prognosis. In the present study, ERRα expression was detected in 15 fresh CRC tissues using quantitative real-time polymerase chain reaction (RT-qPCR) and in 128 paraffin-embedded CRC tissues using immunohistochemistry. The associations between ERRα expression and prognosis of CRC patients were evaluated by univariate, and multivariate (Cox proportional hazards model) analysis. RT-qPCR demonstrated that the mRNA expression of ERRα in CRC tissues was significantly higher compared with that in matched normal tissues. Immunohistochemistry revealed that ERRα high expression was detected in the nuclei of cancer cells from 39.1% (50/128) of CRC tissues. ERRα expression based on immunohistochemical staining was significantly associated with tumor differentiation, tumor invasion, lymph node status and Dukes stage (all P<0.05). Furthermore, patients with high ERRα expression were significantly associated with an increased risk of recurrence and poor prognosis, compared with patients with low ERRα expression. ERRα expression was identified as an independent prognostic factor for patients with CRC. In conclusion, ERRα serves important roles in the progression of CRC and is a potential prognostic factor for patients with CRC.
Introduction
Colorectal cancer (CRC) is the third most common type of malignancy and the fourth most common cause of cancer-associated mortality worldwide (1) . In 2015, there were 376,300 newly-diagnosed CRC cases and 191,000 CRC-associated mortalities in China projected by the National Office for Cancer Prevention and Control, National Cancer Center (2) . Despite improved precancerous screening, surgical resection, chemotherapy and radiotherapy, patients with CRC, particularly those in the advanced stages, exhibit poor prognosis with significant morbidity and mortality rates, thereby constituting a major burden on global health (3) . For example, a survey from the United States of America suggested that the 5-year survival rate is 70.4% in patients with CRC with regional invasion, while in patients with distant metastasis the rate is 12.5% (4) . During the development of CRC, multiple genetic mutations accumulate, and also involve genes that regulate cell proliferation and survival, thereby making CRC a biologically heterogeneous disease (5, 6) . Therefore, CRC exhibits diverse treatment responses in patients with similar clinicopathological parameters. Furthermore, different molecular drivers may exist in patients with CRC at the same stage, leading to varied prognosis. Thus, there is an urgent requirement to investigate the molecular markers underlying CRC and identify novel therapeutic targets for CRC treatment.
Estrogen-related receptor (ERR) is a member of the steroid nuclear hormone receptor superfamily and is involved in energy homeostasis regulation (7) . ERR consists of three closely associated members ERRα, ERRβ and ERRγ. No natural estrogens have been identified to activate ERR, therefore they are classified as orphan receptors (8) . Combined with transcriptional coactivator, peroxisome proliferator-activated receptor γ coactivator-1α (PGC1α), ERRα regulates key genes coding for components of energy homeostasis, including fatty acid and glucose metabolism, mitochondrial biogenesis, and oxidative stress (7) . In a previous study, ERRα was demonstrated to be expressed in 100% of the patients with CRC, and ERRα mRNA expression was elevated in tumor tissue compared with normal mucosa (9) . In addition, a significantly increasing association was observed between ERRα expression in tumor tissues and TNM stages II to IV (9) .
The present study aimed to investigate whether ERRα acts as an effective prognostic marker for patients with CRC. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and immunohistochemistry were performed to detect the expression of ERRα in CRC tissues, and their adjacent normal tissues. Statistical analysis was applied to evaluate the associations between ERRα expression, and clinicopathological parameters and prognosis. As a result, a high expression of ERRα was revealed to be associated with local recurrence and reduced 5-year survival rates. ERRα was identified as an independent prognostic factor for patients with CRC. The results of the present study confirm that ERRα demonstrates clinical and prognostic significance, and may also be a novel therapeutic target for CRC treatment.
Materials and methods
Patients and tissue samples. A total of 15 fresh primary CRC tissues, and their adjacent normal tissues were obtained for RT-qPCR between July 2015 and December 2015. A total of 128 paraffin-embedded primary CRC tissues and their adjacent normal tissues that were obtained between January 2005 and December 2010 were used for the immunohistochemistry assay. All specimens were collected from patients with CRC that underwent curative resection at the Department of General Surgery in Affiliated Tumor Hospital of Guangxi Medical University (Nanning, China). All the patients received no preoperative chemotherapy or radiotherapy. The 128 patients with paraffin-embedded samples included 72 males and 56 females, with a mean age of 56 years and range of 27-84 years. The histological type was determined by two experienced pathologists who reviewed the slides of CRC biopsies stained with hematoxylin and eosin according to the World Health Organization classification (10) . Tumor differentiation status was divided into three types: Well, moderately and poorly differentiated. Tumor invasion was classified into T1, T2, T3 and T4 stages, and clinical status was classified into A, B, C and D stages according to the Dukes classification system (11) . Postoperative follow-up was performed for each patient to monitor local recurrence and/or distal metastasis using laboratory tests (once every 3 months) and radiological examination (once every 6 months). Patients with incomplete follow-up records were excluded. The fresh specimens from 15 patients were snap-frozen and stored at -80˚C for RNA isolation, and the 128 specimens were fixed with 10% formalin at 4˚C for 24 h and embedded in paraffin for immunohistochemistry. All 128 patients with CRC were followed up after surgery every three months, with the follow-up deadline set at December 2015. Overall survival (OS) was defined as the interval between surgery and mortality or the last follow-up (censored data for living patients). Disease-free survival (DFS) was defined as the interval between surgery and the date of relapse. The present study was approved by the Ethics Committee of Affiliated Tumor Hospital of Guangxi Medical University and written informed consent was obtained from patients whose tissue specimens were used.
RT-qPCR. Total RNA was extracted from 15 frozen CRC tissues and their corresponding adjacent normal tissues using TRIzol ® reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The SuperScript III Reverse Transcriptase kit (Promega Corporation, Madison, WI, USA) was used to synthesize obtained RNA into cDNA according to the manufacturer's instructions, with the temperature protocol as follows: 42˚C for 30 min, 85˚C for 5 sec, then holding at 4˚C. The Step One Plus Real-time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) was applied for the qPCR assay using SYBR Green mix (Takara Bio, Inc., Otsu, Japan). The thermocycling conditions were as follows: Initial denaturation at 95˚C for 5 min; followed by 40 amplification cycles of 95˚C for 5 sec; annealing at 60˚C for 15 sec; and elongation at 72˚C for 15 sec. Ribosomal protein L13a (RPL13A) served as the internal control and the relative gene expression levels was determined by 2 -ΔΔCq method (12) . The primer sequences used in the present study were as follows: ERRα forward, 5'-TGC TCA AGG AGG GAG TGC-3' and reverse, 5'-GGC GAC AAT TTC TGG TTC GGG TCA GGC ATG GCA TAG-3'; RPL13A forward, 5'-CCT GGA GGA GAA GAG GAA AGA GA-3' and reverse, 5'-TTG AGG ACC TCT GTG TAT TTG TCA A-3'. Three independent experiments were performed.
Immunohistochemical staining and evaluation. The CRC tissue specimens were paraffin-embedded and processed for 4 µm-thick sections. The sections were dewaxed in xylene and rehydrated with descending series of ethanol gradient (100, 95, 90, 80 and 70%). The sections were incubated with 0.3% hydrogen peroxidase at room temperature for 25 min to block endogenous peroxidase activity, and were heated at 100˚C in a 700W microwave oven for 15 min for antigen retrieval. In order to prevent nonspecific staining, the sections were pre-incubated with 10% normal goat serum (cat. no. 71-00-27; KPL; Seracare Life Sciences, Milford, MA, USA) in PBS at room temperature for 30 min. The sections were incubated with rabbit anti-ERRα primary antibody (cat. no. ab227944,1:500; Abcam, Cambridge, UK) overnight at 4˚C, followed by incubation with goat anti-rabbit secondary antibody conjugated to horseradish peroxidase (cat. no. ab97051,1:200; Abcam) for 30 min at room temperature. The 3,3'-diaminobenzidine tetra-hydrochloride (liquid DAB + ; Dako; Agilent Technologies, Inc., Santa Clara, CA, USA) was used to reveal antigen-antibody reactions. Finally, after the tissues were counterstained with hematoxylin at room temperature for 5 min, the sections were dehydrated and mounted. Sections incubated with PBS instead of the primary antibody served as negative controls.
Two pathologists independently evaluated the staining semi-quantitatively, who were blind to the clinical data. Any discrepancy between the two observers was assessed by a pathologist to reach the consensus. In each section, five visual fields were randomly selected for evaluation. The expression of ERRα was evaluated according to the labeling index (LI), which indicates the positive immunoreactivity of carcinoma cells. For statistical analyses, the cases that exhibited LI <10% were considered to have a low expression of ERRα, and the cases with LI >10% were considered to have a high expression of ERRα (13) .
Statistical analysis. All quantitative data are presented as the mean ± standard deviation. Statistical analysis was performed using SPSS 19.0 statistical software (IBM Corp., Armonk, NY, USA). The unpaired two-tailed student's t-test was applied to compare the ERRα mRNA expression in primary CRC tumors and adjacent non-tumorous tissues. The Chi-square test was applied to assess the association between clinicopathological parameters and ERRα expression. The Kaplan-Meier estimator was performed to construct survival and local recurrence curves, and the log-rank test was applied to compare differences between groups. Significant independent prognostic factors for patients with CRC were analyzed using univariate and multivariate analysis based on the Cox proportional hazard model. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of ERRα in CRC tissues and adjacent normal tissues. The mRNA expression of ERRα was determined by RT-qPCR analysis in 15 fresh CRC tissues and matched normal tissues. The results demonstrated that CRC tissues exhibited significantly higher ERRα expression compared with normal tissues (P<0.05; Fig. 1 ).
The protein expression of ERRα was determined by immunohistochemistry in 128 CRC tissues and matched normal tissues. ERRα was primarily detected in the nuclei of tumor cells. According to the results of staining evaluation, the mean values of ERRα LI were 28.7% (range, 0-83%) and 12.1% (range, 0-31%) in the 128 CRC cancer tissues and 127 adjacent normal tissues, respectively. The number of ERRα high expression colorectal cancer (ERRα LI >10%) was 50/128 cases (39.1%) (Table I) , compared with 14/128 cases (10.9%) in adjacent normal tissues. ERRα expression was significantly higher in colorectal cancer tissues compared with that in adjacent normal tissues (P<0.05) (data not shown). The representative results of immunohistochemistry are presented in Fig. 2 .
Associations bet ween ER Rα expression and CRC clinicopathological parameters.
To further investigate the clinical significance of ERRα in CRC, the associations between ERRα expression and CRC clinicopathological characteristics in 128 patients were statistically analyzed (Table I) . Significant associations were identified between ERRα expression, and tumor differentiation (P=0.012), tumor invasion (P=0.021), lymph node status (P=0.004) and Dukes stage (P=0.006). However, no statistically significant associations between ERRα expression and other clinicopathological parameters, including gender (P=0.494), age (P=0.255), tumor location (P=0.560) and tumor size (P=0.152), were identified.
Prognostic significance of ERRα expression in CRC. The
Kaplan-Meier estimator model was applied to evaluate the prognostic significance of ERRα expression. The 5-year OS rates in patients with high ERRα expression and low expression were 50.0 and 76.9%, respectively. Patients with high ERRα expression had significantly lower OS and DFS rates compared with patients with low ERRα expression (both P<0.001; Fig. 3A and B) .
The univariate analysis was conducted to identify prognostic factors for CRC patients. It was revealed that in patients with CRC, ERRα expression was significantly associated with decreased rates of OS and DFS (P<0.05; Table II ). Furthermore, tumor differentiation, tumor invasion, lymph node status and Dukes stage were also significantly associated with decreased rates of OS and DFS in patients with CRC (Table II) . These results suggested that ERRα is a valuable prognostic factor in CRC. Therefore, multivariate analysis was performed using the Cox proportional hazards model, which demonstrated that ERRα expression was an independent prognostic factor for survival in patients with CRC [OS: Hazard ratio (HR), 2.022; 95% confidence interval (CI), 1.067-3.835; DFS: HR, 2.375; 95% CI, 1.365-4.133; Table III ].
Discussion
ERRα is a key regulator in energy-driven cellular processes through the modulation of mitochondrial function and metabolism. Cancer cells demonstrate high proliferating capabilities and require constant biosynthesis of macromolecules as building blocks for the generation of new cells, thereby resulting in a high-energy demand for cancer cells (14) . ERRα demonstrates key regulatory roles in a variety of malignant processes, including proliferation, invasion, metastasis and chemotherapy resistance (15) (16) (17) . Since ERRα serves a crucial role in cancer initiation, development and progression, it may be speculated that ERRα holds significant clinical significance for patients with cancer. ERRα expression was reported to be elevated in a variety of cancer types. A previous study revealed increased expression of ERRα mRNA in ovarian cancer compared with healthy ovaries (18) . In addition, the ERRα-positive group exhibited statistically significant reduced OS rates compared with the ERRα-negative group (18) . In another study, the levels of ERRα mRNA increased with the clinical stage of ovarian cancer, thus making ERRα a prognostic factor for ovarian cancer (19) . In endometrial adenocarcinoma, the expression of ERRα mRNA was positively correlated with the International Federation of Gynecology and Obstetrics stage and myometrial invasion, indicating that ERRα participates in the tumorigenesis of endometrial adenocarcinoma, and may be a promising prognostic factor (20) . Through the use Overall survival Disease-free survival Overall survival of immunohistochemistry on prostate cancer specimens, researchers demonstrated that nuclear ERRα expression was significantly higher in the cancerous lesions compared with that in benign epithelia (21) . Elevated ERRα expression in cancerous lesions was significantly correlated with poor cancer-specific survival rates in patients with prostate cancer (21) . In human breast carcinoma, ERRα immunoreactivity was significantly associated with increased recurrence and shorter survival times (22) . Although ERRα expression has been reported to be associated with CRC tumor progression (9) , the clinical and prognostic significance of ERRα in CRC remains unclear.
In the present study, RT-qPCR was performed to detect the mRNA expression of ERRα in 15 primary CRC tissues and adjacent normal tissues. The result demonstrated that ERRα mRNA expression was significantly higher in primary CRC tissues compared with in adjacent normal tissues. Furthermore, immunohistochemistry confirmed the results of the RT-qPCR analysis whereby an increased number of CRC tissues (81/127, 63.8%) exhibited high ERRα protein expression compared with adjacent normal tissues (34/127, 26.8%). These results were consistent with a previous study whereby elevated levels of ERRα mRNA were detected in CRC tumor tissues when compared with normal mucosa (9) . Furthermore, immunohistochemistry from 127 patients with CRC indicated that ERRα expression was significantly associated with tumor differentiation, tumor invasion, lymph node status, Dukes classification and distant metastasis, suggesting that ERRα may be involved in the progression of CRC.
Prognostic biomarkers provide useful information for doctors in the clinical treatment of patients with CRC, and they are conducive for identifying patients who have a higher probability of recurrence or developing chemoresistance. In the current study, the potential for ERRα as a CRC prognostic biomarker was demonstrated. High ERRα expression was associated with lower 5-year OS and DFS compared with patients with low ERRα expression. Multivariate analysis was performed, which identified ERRα expression as an independent prognostic factor for patients with CRC. Thus, ERRα detection may be valuable for prognosis evaluation and personalized therapy in patients with CRC. Tumor recurrence is an important cause for poor survival of patients with CRC. In the present study, compared with patients with low ERRα expression, patients with high ERRα expression exhibited a higher recurrence rate. These results are in accordance with another study whereby high ERRα expression was associated with an increased risk of recurrence in patients with breast cancer (22) .
A variety of molecular mechanisms may underlie the associations between ERRα expression, and recurrence and survival in CRC. Firstly, ERRα contributes to CRC recurrence through promoting CRC cell proliferation. A recent study demonstrated that ERRα significantly enhanced CRC cell proliferation, colony formation and accelerated cell cycle transition from the G1 to the S phase (23) . ERRα also promotes the growth of human lung cancer cells, which is not a hormone-dependent cancer (16) , indicating the effect of ERRα on cell proliferation is universal in various cancer types. MicroRNAs may negatively regulate ERRα gene expression at the post-transcriptional level and by silencing ERRα expression, miR-137 reduced the proliferation of breast cancer cells and miR-125a reduced the proliferation of oral squamous cell carcinoma cells (24, 25) . Secondly, ERRα may promote invasion and metastasis of colorectal cancer cells through epithelial-mesenchymal transition (EMT) process. Invasion and metastasis are important clinicopathological factors for patients with CRC with unfavorable prognosis, and they are induced by EMT at the molecular level (26) . Previous studies have reported that ERRα promotes invasion and metastasis by inducing EMT in lung cancer, and ovarian cancer cells (16, 27) . Therefore, we hypothesize that EMT mediated by ERRα underlies the mechanism for the association between high ERRα expression and poor prognosis in patients with CRC. Thirdly, ERRα may be involved in the activation of CRC stem cells. In CRC, EMT induces the generation of CRC stem cells, which have high metastatic potential (28) . As a positive regulator of EMT in several cancer types (16, 27) , ERRα may increase the number of CRC stem cells from residual cancer cells in patients with CRC following curative resection, thereby contributing to recurrence. A previous study revealed that ERRα, combined with PGC1α, activates the promoter of osteopontin (OPN) gene and leads to elevated OPN expression in CRC cells (29) . OPN is a glycoprotein secreted by a variety of tissues and enhances cancer stem cell phenotypes in various cancer types (30, 31) . Higher levels of OPN are produced by macrophages when co-cultured with cluster of differentiation 44-positive CRC stem cells, subsequently increasing the tumorigenicity of the CRC cells (32) . Given the fact that ERRα is able to increase the tumorigenic capacity of CRC cells (23), we hypothesize that ERRα-induced OPN expression may enhance the CRC cell phenotype and promote the tumor recurrence in patients. However, the detailed mechanisms require further investigation.
In conclusion, the results of the present study revealed that ERRα expression was higher in CRC tissues compared with in adjacent normal tissues, and ERRα expression was associated with the progression of CRC. In addition, high ERRα expression was associated with lower OS and local recurrence, and was identified as an independent prognostic factor for patients with CRC. These results suggest that ERRα is a promising therapeutic target for patients with CRC.
